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β-Cryptoxanthin, which is primarily obtained from citrus fruits such as Satsuma mandarins, is a 
major carotenoid routinely found in human serum. Recently, we demonstrated that daily oral intake of 
β-cryptoxanthin prevented ovariectomy-induced bone loss and ameliorated neuropathic pain in mice. Al-
though β-cryptoxanthin exerts preventive effects on various lifestyle-related diseases, there have been no 
studies on the effect of β-cryptoxanthin on the development of osteoarthritis, the most common degenerative 
joint disease, which frequently leads to loss of ability and stiffness in the elderly. Here we showed that daily 
oral administration of β-cryptoxanthin significantly prevented the development of osteoarthritis developed 
by surgically inducing knee joint instability in mice in vivo. Furthermore, in vitro experiments revealed that 
β-cryptoxanthin markedly inhibited the expression of inflammatory cytokines and enzymes critical for the 
degradation of the extracellular matrix in primary chondrocytes. Our results suggest that oral supplementa-
tion of β-cryptoxanthin would be beneficial for the maintenance of joint health and as prophylaxis against 
osteoarthritis.
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β-Cryptoxanthin, which has eight isoprene units with β- 
rings, is primarily obtained from citrus fruits such as Satsuma 
mandarin (Citrus unshiu MARC.), and is a major carotenoid 
routinely found in the human serum.1,2) In humans and ani-
mals, the serum level of β-cryptoxanthin reflects the amount 
of intake of β-cryptoxanthin-rich foods.3) We recently demon-
strated that β-cryptoxanthin prevented ovariectomy-induced 
osteoclast activation and bone loss and ameliorated the de-
velopment of tactile allodynia following spinal nerve injury 
in mice.4,5) Although accumulating evidence indicates a pre-
ventive effect of β-cryptoxanthin on various lifestyle-related 
diseases, thus far, few studies are available on the effect of 
β-cryptoxanthin on the development of osteoarthritis (OA), 
which is the most common degenerative joint disease, affect-
ing approximately 250 million people worldwide.6)

OA, which is characterized by progressive articular car-
tilage destruction, is caused by various factors, including 
joint injury, obesity, and aging, and frequently leads to a loss 
of ability and stiffness in the elderly.7) Thus far, no effec-
tive medical therapies or preventive supplementations have 
been developed that prevent OA cartilage destruction, and 
new therapeutic and preventive approaches to reduce joint 
pain and slow the progression of the condition are desirable. 
Supplementation of the cartilage constituents glucosamine and 
chondroitin sulfates has been used to relieve pain or slow the 
degradation of cartilage in joints8,9); however, it has recently 
been reported that glucosamine and chondroitin sulfates, even 
in combination, do not have a clinically relevant effect on per-
ceived joint pain or on joint space narrowing.10) Furthermore, 

long-term treatment of patients with OA with analgesics and 
non-steroidal anti-inflammatory drugs can lead to serious gas-
trointestinal and cardiovascular adverse events.

In this study, we investigated pharmacological properties of 
β-cryptoxanthin administered to mice with surgically induced 
cartilage destruction as a model of OA in vivo. Our observa-
tions suggest that β-cryptoxanthin supplementation could sup-
press the development of OA generated by surgically inducing 
knee joint instability in mice.

MATERIALS AND METHODS

Materials  Nonesterified β-cryptoxanthin used in this 
study was prepared and processed as described previously, 
and its purity was 96% according to HPLC analysis.11) Re-
combinant mouse interleukin-1β (IL-1β) was purchased from 
Cell Signaling Technology (U.S.A.). THUNDERBIRD SYBR 
qPCR Mix was supplied by TOYOBO (Japan). All other 
chemicals used were of the highest purity available commer-
cially.

Mice and OA Model  The protocol used here meets the 
guideline of the Japanese Society for Pharmacology and was 
approved by the Committee for Ethical Use of Experimental 
Animals at Kanazawa University. OA was surgically induced 
in 8 week-old male C57BL/6J mice by destabilizing the knee 
joint as previously described.12) The right knee joint was de-
stabilized by transection of the medial collateral ligament and 
removal of the cranial half of the medial meniscus under gen-
eral anesthesia. A sham operation was performed on the left 
knee joint. For histological analysis, mouse knee joints were 
fixed with 10% formalin neutral buffer, and subsequent decal-

* To whom correspondence should be addressed. e-mail: hinoi@p.kanazawa-u.ac.jp

# These authors contributed equally to this work.

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 

albertcochet
Texte surligné 



Vol. 40, No. 7 (2017) 1117Biol. Pharm. Bull.

cification with 20% ethylenediaminetetraacetic acid (EDTA) 
(pH 7.4) for 1 week, followed by embedding in paraffin. Knee 
joints were then dissected for sections with a thickness of 

5 µm using a microtome (Leica RM2125 RTS), and subse-
quently sections were stained with Safranin O and Fast Green. 
OA severity was quantified by the Osteoarthritis Research So-

Table 1. List of Primers Used for RT-qPCR

Genes Upstream (5′–3′) Downstream (5′–3′)

Adamts5 CCCAGGATAAAACCAGGCAG CGGCCAAGGGTTGTAAATGG
Il1b GAAATGCCACCTTTTGACAGTG CTGGATGCTCTCATCAGGACA
Il6 ATTCCAGAAACCGCTATGAA TGCCATTGCACAACTCTTTT
Mmp13 AGGCCTTCAGAAAAGCCTTC TCCTTGGAGTGATCCAGACC
Tnfa GTAGCCCACGTCGTAGCAAAC CTGGCACCACTAGTTGGTTGTC
36b4 GAGGAATCAGATGAGGATATGGGA GAGGAATCAGATGAGGATATGGGA

Fig. 1. Oral Supplementation of β-Cryptoxanthin (β-CRY) Ameliorates the Development of OA
Eight-week-old male C57BL/6J mice were subjected to OA, followed by daily oral supplementation of β-CRY at 1 mg/L and 10 mg/L for 8 consecutive weeks (vehicle, 

n=15; β-CRY 1 mg/L, n=15; β-CRY 10 mg/L, n=16). (A) Water intake and (B) body weight. Typical pictures of Safranin O staining are shown in the panel (C), while 
quantitative OA score are shown in the panel (D). ** p<0.01, significantly different from control value obtained in joint of surgical-induced OA of vehicle-treated mice.
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ciety International (OARSI) histopathology grading system.13) 
Articular surfaces (femoral condyles and tibial plateaus) were 
graded. OA model mice received daily oral supplementation of 
β-cryptoxanthin freshly dissolved in drinking water contain-
ing 0.5% polysorbate 80 at concentrations of 1 or 10 mg/L for 
8 weeks. Vehicle solution (drinking water containing 0.5% 
polysorbate 80) was used for control.

Culture of Primary Chondrocytes  Mouse primary chon-
drocytes were prepared from thoracic cages of pups at postna-
tal 3–5 d old by the sequential enzymatic digestion method as 
described previously.14) In brief, thoracic cages were dissected 
and subsequently incubated with 0.3% collagenase for 90 min 
to remove soft tissues. The thoracic cages were further di-
gested with 0.3% collagenase for 6 h. A differentiation inducer 
mixture containing 50 µg/mL ascorbic acid, 1 mM pyruvate, 
and 1 mM cysteine was used for the culture of primary chon-
drocytes.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazoli-
um bromide (MTT) assay were performed, as previously 
described.15)

RT-qPCR  Total RNA was extracted from cells, followed 
by synthesis of cDNA with reverse transcriptase and oligo-dT 
primer.16) The cDNA samples were then used as templates 
for real-time PCR analysis, which was performed on an 
MX3005P instrument (Agilent Technologies), by using spe-
cific primers for each gene (Table 1). Expression levels of the 
genes examined were normalized by using the 36b4 expres-
sion levels as an internal control for each sample.

Data Analysis  Results are all expressed as the 
mean±standard error (S.E.) and the statistical significance was 
determined by the one-way ANOVA with Bonferroni/Dunnett 
post hoc test.

RESULTS

Oral Supplementation of β-Cryptoxanthin Ameliorated 
the Development of OA  To examine whether daily oral 
intake of β-cryptoxanthin could modulate the development 
of OA, we administered β-cryptoxanthin orally in drinking 
water to OA model mice for 8 weeks at concentrations of 1 

Fig. 2. β-CRY Inhibits the Expression of Inflammatory Cytokines in Chondrocytes without Affecting Cell Survival
(A) Primary chondrocytes were cultured with β-CRY at a concentration range from 10 to 50 µM, followed by determination of MTT reduction (n=4). Primary chon-

drocytes were cultured with IL-1β at 10 ng/mL in either the presence or absence of β-CRY at 50 µM, followed by determination of mRNA expression of (B) Tnfa, (C) Il6, 
(D) Il1b, (E) Adamts5, and (F) Mmp13 (n=10-17). ** p<0.01, significantly different from each control value obtained in the absence of both IL-1β and β-CRY. # p<0.05, 
## p<0.01, significantly different from the value obtained for cells treated with IL-1β alone.
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or 10 mg/L. No significant change was observed in the daily 
intake of drinking water by the mice, irrespective of the 
concentrations of β-cryptoxanthin used (Fig. 1A). In addition, 
β-cryptoxanthin administration did not affect the body weight 
of the mice (Fig. 1B) or their spontaneous behavior (data not 
shown). Under these experimental conditions, no marked 
morphological differences in sham-operated joints were de-
tected between the vehicle-treated and β-cryptoxanthin-treated 
mice (Fig. 1C, upper three panels). In the vehicle-treated 
mice, marked cartilage degradation was observed by Safra-
nin O staining in joints with surgical-induced OA compared 
with that in sham-operated joints (Fig. 1C, left two panels). 
Conversely, a marked amelioration of cartilage degradation 
was observed in the joints with surgical-induced OA when 
β-cryptoxanthin was administered at both 1 and 10 mg/L (Fig. 
1C lower three panels). We also analyzed data using the his-
tologic scoring system recommended by OARSI; this showed 
that mice treated with β-cryptoxanthin at both 1 and 10 mg/L 
had significantly lower scores for OA damage than vehicle-
treated mice (Fig. 1D). These results indicate that daily oral 
β-cryptoxanthin treatment suppressed the development of OA.
β-Cryptoxanthin Inhibited the Expression of Inflamma-

tory Cytokines in Chondrocytes  Pro-inflammatory signals 
lead to the activation of several pathways involving the pro-
duction of pro-inflammatory cytokines themselves and deg-
radation of the extracellular matrix (ECM) by matrix metal-
loproteinases (MMPs) and a disintegrin and metalloproteinase 
with thrombospondin motifs (ADAMTS) in chondrocytes.17) 
To clarify the cellular mechanisms underlying the preventive 
effect of β-cryptoxanthin on OA development in vivo, we 
investigated its effect on gene expression profiles in chondro-
cytes in vitro. Treatment with β-cryptoxanthin at the concen-
trations tested (even at 50 µM) did not affect MTT reduction, 
as an index of cellular survival in chondrocytes (Fig. 2A). 
We, therefore, stimulated primary chondrocytes with IL-1β 
at 10 ng/mL in the presence or absence of β-cryptoxanthin 
at 50 µM, and followed this with the determination of gene 
expression. IL-1β markedly elevated the expression of inflam-
matory cytokines, Tnfa, Il6, and Il1b in chondrocytes, whereas 
these inductions were significantly impaired in chondrocytes 
treated with β-cryptoxanthin (Figs. 2B–D). Furthermore, 
β-cryptoxanthin significantly inhibited the expression of 
IL-1β-induced Adamts5 expression in chondrocytes (Fig. 2E), 
whereas we observed a trend toward inhibition of the expres-
sion of Mmp13 by β-cryptoxanthin (Fig. 2F), although this 
effect was not statistically significant.

DISCUSSION

Knee OA is one of the major locomotive disorders, often re-
quiring special assistance or nursing care in elderly individu-
als. Several independent lines of evidence have demonstrated 
that β-cryptoxanthin has a preventive effect on various life-
style-related diseases, including osteoporosis and diet-induced 
nonalcoholic steatohepatitis.11,18) Previous studies have indi-
cated that β-cryptoxanthin may be useful in blocking the pro-
gression of arthritis including rheumatoid arthritis (RA) and 
OA. However, they showed that β-cryptoxanthin can exert an-
ti-arthritic effect in antigen-induced arthritic rats in vivo as a 
model of RA but not of OA.19) OA and RA are different types 
of arthritis, with the main difference between them being 

the underlying cause of the joint symptoms: OA is caused by 
mechanical wear and tear on joints, whereas RA is an autoim-
mune disease.20,21) An important result of the present study is 
that daily oral supplementation of the xanthophyll carotenoid 
β-cryptoxanthin significantly prevented the development of 
surgically-induced OA but not of RA in vivo. Furthermore, it 
should be emphasized that we have revealed, for the first time, 
that β-cryptoxanthin markedly inhibited the IL-1β-induced 
expression of inflammatory cytokines (Tnfa, Il6, and Il1b) 
in primary chondrocytes. It is well known that inflamma-
tory cytokines mediate OA development by upregulating the 
expression of cartilage-degrading enzymes, such as MMP13 
and ADAMTS5, which are primary enzymes responsible for 
degradation of type II collagen and aggrecan, respectively, in 
articular cartilage.22) Although further studies are needed to 
reveal the underlying mechanisms of the protective effects of 
β-cryptoxanthin against surgically induced cartilage degenera-
tion, to the best of our knowledge, the present study is the first 
to demonstrate the modulation of OA by β-cryptoxanthin.

In this study, we showed that the development of OA was 
ameliorated by daily administration of β-cryptoxanthin at 
1 mg/L for 8 consecutive weeks. As the mice were adminis-
tered 5 mL/d of drinking water, under our experimental proto-
cols they should be administered 9.0 nmol of β-cryptoxanthin 
daily. It has been established that β-cryptoxanthin forms 
retinol (vitamin A), which plays a pivotal role in a variety of 
biological functions including anti-oxidant and anti-inflamma-
tion.2) Although it should be considered that β-cryptoxanthin 
may exert on OA through its metabolites, long-term intake 
of β-cryptoxanthin-rich foods gradually increases blood β- 
cryptoxanthin levels in both humans and animals.3) It is, 
therefore, conceivable that the daily consumption of β- 
cryptoxanthin-rich foods could achieve a pharmacologically 
relevant dose of β-cryptoxanthin similar to that used in this 
study. Accordingly, we propose that appropriate consumption 
of β-cryptoxanthin-rich foods, such as Satsuma mandarins 
(Citrus unshiu MARC.), would be beneficial for the mainte-
nance of joint health and as prophylaxis against OA.
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